Introduction
Although indium is an important element in the semiconductor industry, it as an impurity in aluminum, lead and zinc affects the properties of these metals. Therefore, the development of methods to measure indium concentrations and extracting indium from these metals is of great value. Graphite furnace atomic absorption spectrometry (GFAAS) has been widely used for the quantitative measurement of indium. However, it is necessary to separate and concentrate indium prior to a measurement by GFAAS because the typical indium concentrations in environmental samples such as natural water and rock are extremely low.
Solvent extraction, 1-4 ion exchange, [5] [6] [7] solid-phase extraction 8, 9 and coprecipitation 10, 11 have been used to separate and concentrate indium prior to analysis by GFAAS. Coprecipitation is an effective preconcentration method for trace amounts of metals, and metal hydroxides such as hafnium(IV), 12 magnesium(II), 13 manganese(II) 14 and nickel(II) 15 have been used as effective precipitants.
For indium, hydroxides of zirconium(IV), 16 iron(III) 10 and gallium(III) 11 have been shown to be effective. There are as yet no reports of chitosan as a precipitant reagent for indium.
A chemical modifier 8, 10, 17, 18 and/or a metal-coated graphite furnace [19] [20] [21] are often employed to improve the low sensitivity of GFAAS toward indium. This poor sensitivity is caused by substantial analyte losses due to the formation and vaporization of volatile oxides. Chemical modifiers and a metal-coated graphite furnace are effective means to suppress the formation of these volatile oxides.
The authors previously reported the measurement of ruthenium by GFAAS after coprecipitation with chitosan. 22 Chitosan was derived from the natural biopolymer chitin by deacetylation, which is well known to form a complex with metal ions and to dissolve in acetic acid. However, there is no report concerning the measurement of indium by GFAAS using a chitosan precipitate. In the present work, this method was extended to the concentration and measurement of trace amounts of indium in water samples. The fundamental conditions of GFAAS analysis, such as the chemical modifier, the sheath gas and the ashing temperature, were investigated in order to identify the optimum conditions for obtaining stable and sensitive atomic absorbance for indium. Furthermore, the optimum preconcentration conditions of indium using a chitosan precipitate, such as the solution pH, the volume of the chitosan solution and the stirring time, were also investigated.
Experimental

Reagents
An indium working solution was prepared by appropriate dilution of a stock standard solution (AAS-grade; In 1000 mg dm -3 in 0.5 mol dm -3 nitric acid; Wako Pure Chemical Industries) with 0.5 mol dm -3 nitric acid.
A chitosan solution (2.0 w/v%) was prepared by dissolving 10.0 g of chitosan powder (Grade F; Kimitus Chemical Industries) in 500 cm 3 A sensitive and simple method for the determination of trace amounts of indium in water samples by graphite furnace atomic absorption spectrometry (GFAAS) after coprecipitation with chitosan was investigated. Indium was quantitatively preconcentrated from water samples by coprecipitation with chitosan at pH 7.0 -9.0. The coprecipitant was easily dissolved with acetic acid, and indium in the resulting solution was determined by GFAAS. The addition of lanthanum as a chemical modifier was more effective for the atomic absorbance of indium. The detection limit (S/N 3) for indium was 0.04 µg dm -3 , and the relative standard deviations (n = 5) were 3.5 -4.5% at 1.0 µg/100 cm 3 . The results obtained in this study indicate that the proposed method can be successfully applied to the determination of trace indium in water samples. standard solution (1000 mg dm -3 ; Wako Pure Chemical Industries). All other reagents were of analytical reagent grade. Ultra-pure grade water (18 MΩ cm) was purified using a Puric-S system (Organo).
Apparatus
Atomic absorption measurements were carried out using a Z-5700 polarized Zeeman atomic absorption spectrometer (Hitachi Instruments) equipped with a furnace atomizer, an L-233 indium hollow-cathode lamp (Hamamatsu Photonics) and a Zeeman background corrector. A tube-type pyrolytic graphite coated cuvette (No.190-6003; Hitachi Instruments) was used. An automatic sampler was employed to inject a test solution by the proposed procedure. An H-11C type centrifuge (Kokusan) was used to separate the coprecipitate from the sample solution.
A TM-152 test tube mixer (Iwaki Glass) was used to dissolve the coprecipitates. A Horiba M-8L pH meter was employed for pH control of the sample solution, and an Advantec SR50 magnetic stirrer was used to age the chitosan coprecipitate.
Analytical procedure
To a sample solution (up to 500 cm 3 ) containing less than 3.0 µg indium, 10.0 cm 3 of 2.0 w/v% chitosan solution was added. The pH of the sample solution was adjusted to 8.0 with a diluted sodium hydroxide solution and a diluted nitric acid. The chitosan formed precipitates, and indium was concentrated in the chitosan precipitates. The mixture was stirred for 10 min by a magnetic stirrer to age the coprecipitate, and was then allowed to stand for 20 -30 min. After the coprecipitate has settled, the majority of the supernatant was decanted off. The remaining mixture was then transferred into a stoppered centrifuge tube. The coprecipitate separated from the sample solution by centrifugation (4000 r.p.m.) was dissolved in 3.0 cm 3 of 5.0 mol dm -3 acetic acid. To this solution was added 1.0 cm 3 of a lanthanum solution (1000 ppm) as a chemical modifier for indium. The solution was then made up to 5.0 cm 3 with water. Twenty microliters of the resulting solution was slowly injected (2.0 mm 3 s -1 ) into a pyrolytic graphite cuvette by an automatic sampler. The atomic absorbance was measured by GFAAS under the operating conditions given in Table 1 .
The measurement was repeated three times, and the absorbance readings were averaged. A blank was also run, using water as a sample solution.
Results and Discussion
Effect of a chemical modifier and a sheath gas
It is well known that indium is a difficult element to measure with high precision by GFAAS because of the low sensitivity of the technique toward indium and the formation of volatile indium oxides. 17 The poor sensitivity toward indium is caused by substantial analyte loss due to vaporization of the indium oxides before atomization. To overcome the low sensitivity toward indium, chemical modifiers 8, 10, 17, 18 and/or a metal-coated graphite furnace [19] [20] [21] were investigated.
A chemical modification is the most widely used approach, and the general procedure is to add a chemical modifier to the graphite furnace prior to ashing, or prior to drying, or to the test solution prior to heating.
In this study, the effect of a chemical modifier on the atomic absorbance of indium was investigated by adding a chemical modifier to the test solution prior to heating. The chemical modifier is typically a metal standard solution of palladium, nickel, osmium, tungsten, lanthanum, rubidium and tantalum.
The atomic absorbance of indium increased and stabilized with the addition of a palladium, tungsten and lanthanum chemical modifier ( Fig. 1) , which is consistent with results in previous reports. 5, 8, 10, 18, 20 Lanthanum was found to particularly effective in the proposed procedure.
Argon gas is generally used as a sheath gas in GFAAS analysis in order to prevent the formation of pyrolysis products in the graphite cuvette. However, after repeated measurements by the proposed procedure, pyrolysis products were found in the graphite cuvette even when argon gas was used. Dissolved chitosan in the test solution changes into carbides in the heating process; when argon gas is used, the thermal decomposition of these carbides is incomplete and the remaining pyrolysis products (carbides) have a negative influence on the atomic absorbance of indium. To overcome these problems, an alternate gas (Ar: 90%, O2: 10%) was used as the sheath gas. This mixture gas is known to be more effective for organic samples, such as biological samples and petroleum. Such samples contain large amounts of carbon, which are converted to pyrolysis products in the heating process. The alternate gas decomposes these pyrolysis products, effectively eliminating the products from the graphite furnace. The alternate gas is effective in this case because the test solution contains large amounts of carbon in the form of chitosan. This is particularly effective when coupled with the lanthanum chemical modifier, which suppresses the activation of indium oxides. However, the alternate gas is not effective for a test solution containing indium alone, because the presence of oxygen causes the formation of indium oxides and a chemical modifier is not applicable. The results examined here are for a process using a tube-type pyrolytic graphite cuvette with a lanthanum chemical modifier and an alternate sheath gas.
Effect of the ashing and atomization temperature
An investigation of the GFAAS measurement factors, such as the ashing and the atomization temperature, is very important for achieving accurate and sensitive atomic absorbance measurements for the analyte element.
The effect of the ashing temperature on the absorbance of indium was investigated over a temperature range of 400 to 1000˚C. The other conditions were held constant, as given in Table 1 . A constant and maximum absorbance was obtained at an ashing temperature of 750 -850˚C as shown in Fig. 2 . The absorbance decreased below 750˚C, attributable to incomplete thermal decomposition of the matrix in the ashing stage. The absorbance also decreased above 850˚C, which is thought to be due to a loss of indium due to its partial volatilization at a higher ashing temperature. The effect of the atomization temperature on the absorbance of indium was similarly investigated over a temperature range of 1200 to 2400˚C. A constant and maximum absorbance was obtained at an atomization temperature of 2000 -2200˚C.
Based on these results, an ashing temperature of 800˚C and an atomization temperature of 2100˚C were selected for indium analyses by the proposed procedure. The graphite furnace was cleaned for 5 s at 2500˚C after atomization.
The injection speed and drying conditions were also investigated, and the optimum operating conditions for the measurement of indium were determined, as shown in Table 1 .
Optimum conditions for the coprecipitation of indium
As described above, indium was separated and preconcentrated by coprecipitation with chitosan precipitate in the sample solution. The effect of the solution pH on the effectiveness of coprecipitation was investigated using 100 cm 3 of a sample solution containing 1.0 µg indium. As the results in Fig. 3 show, the maximum and most constant recovery rates were obtained in the pH range of 7.0 -9.0. Therefore, the pH was adjusted to 8.0 for the coprecipitation of indium with chitosan in subsequent experiments. The recovery rate of indium decreased below pH 7.0 because the chitosan did not form a precipitate in the lower pH range. The recovery rate also decreased above pH 9.0. These tendencies are similar to those for the coprecipitation of ruthenium with chitosan, the details of which are described in a previous paper. 22 According to the proposed procedure, the necessary amount of chitosan to achieve the maximum recovery rate for indium was examined using a 100 cm 3 sample solution containing 1.0 µg indium. Because indium had been quantitatively recovered with chitosan precipitates by the addition of 4.0 cm 3 of 2.0 w/v% chitosan solution or more, 10.0 cm 3 was employed for the proposed procedure.
Other conditions, such as the stirring time and standing time, were also investigated, and the optimum conditions for the coprecipitation of indium with the chitosan precipitate were determined and used in subsequent experiments.
Separation and dissolution of coprecipitate
The chitosan/indium coprecipitate was separated from the mother solution by centrifugation because the chitosan precipitate was gelatinous and difficult to separate using a membrane filter.
The coprecipitate must be dissolved prior to a GFAAS measurement. Although the chitosan precipitate was easily dissolved in acids, such as acetic acid, lactic acid, citric acid, nitric acid and hydrochloric acid, the resulting solution had a high viscosity, expect for acetic acid and lactic acid. Acetic acid proved to be the most effective for dissolving the coprecipitate, because dissolution readily occurs and the viscosity of the resulting solution is low compared even to lactic acid. The solubility of the coprecipitate decreased with decreasing concentration of the acetic acid, while the viscosity increased. Therefore, 3.0 cm 3 of 5.0 mol dm -3 acetic acid was used to dissolve the coprecipitate in this procedure.
Calibration graph and detection limits
The calibration curve obtained using the proposed procedure for a 100 cm 3 five measurements was 3.5 -4.5% at 1.0 µg/100 cm 3 . The effect of the sample size was investigated for a range of sample solution volumes, all containing 1.0 µg of indium. The recovery rate was quantitative in the 100 -500 cm 3 range. The use of a 500 cm 3 sample solution gave a concentration factor of 100.
Effect of foreign ions
The effect of foreign ions in general water samples, such as river water, on the results for indium obtained by this procedure was investigated using a 100 cm 3 sample solution containing 1.0 µg of indium and coexisting ions. The tolerance limit was taken as the concentration of foreign ions resulting in an error of ±5% in the recovery. Common cations such as Na(I), K(I), Ca(II) and Mg(II) did not interfere with the results for indium at concentrations of 1000-times that of indium. Other cations such as Bi(III), Cd(II), Cu(II), Co(II), Mn(II), Pb(II) and Zn(II) did not interfere with the results at concentrations of 100 times. Many anions such as Cl -, NO3 -, CO3 2-, PO4 2-and SO4 2-did not interfere even at 5000-times higher concentration.
These results demonstrate that this procedure can be used to quantitatively recover trace indium from general water samples.
Application to water samples
The usefulness of this method was evaluated by applying it to several water samples, such as natural and industrial wastewater, using the standard addition method. The samples were immediately filtered through a membrane filter (pore size: 0.45 µm) to remove any suspended matter, and adjusted to 1.0 mol dm -3 with concentrated nitric acid. These samples were stored in polyethylene bottles. A 500 cm 3 sample aliquot was employed for the determination of indium according to the proposed procedure. The results are summarized in Table 2 . Indium was not detected in non-spiked water samples because the indium concentration would be extremely low in these water samples. The actual indium levels in these water samples may be estimated as being lower than 0.04 µg/500 cm 3 . However, quantitative recovery rates (98.0±5.0%) for indium were realized in spiked samples. This proposed method is applicable for the analysis of a water sample containing down to 0.04 µg dm -3 of indium from 100 -500 cm 3 of the sample solution.
Conclusion
A coprecipitation method with chitosan was studied for the preconcentration and determination of trace amounts of indium in water samples by GFAAS. Chitosan coprecipitates indium from the sample solution at pH 7.0 -9.0, and the coprecipitates could be easily dissolved with acetic acid. The presence of lanthanum increases the atomic absorption of indium in a GFAAS analysis. The detection limit (S/N 3) of this method for indium was 0.04 µg dm -3 , and this detection limit is no great difference compare with the previous reports. 8, 11 However, the proposed method has the advantages of simplicity, rapidity and the use of the low cost biomaterials, such as chitosan. These results demonstrate the utility of the proposed method for the preconcentration and measurement of trace indium in water samples.
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